We calculate the T-matrices of kaon-nucleon (KN ) and antikaon-nucleon (KN ) scattering to oneloop order in SU(3) heavy baryon chiral perturbation theory (HBχPT). The low-energy constants (LECs) and their combinations are then determined by fitting the phase shifts of KN scattering and the corresponding data. This leads to a good description of the phase shifts below 200 MeV kaon laboratory momentum. We obtain the LEC uncertainties through statistical regression analysis. We also determine the LECs through the use of scattering lengths in order to check the consistency of the HBχPT framework for different observables and obtain a consistent result. By using these LECs, we predict the KN elastic scattering phase shifts and obtain reasonable results. The scattering lengths are also predicted, which turn out to be in good agreement with the empirical values except for the isospin-0 KN scattering length that is strongly affected by the Λ(1405) resonance. As most calculations in the chiral perturbation theory, the convergence issue is discussed in detail. Our calculations provide a possibility to investigate the baryon-baryon interaction in HBχPT.
I. INTRODUCTION
Chiral perturbation theory (ChPT) is the effective field theory of quantum chromodynamics (QCD) at energies below the scale of chiral symmetry breaking Λ χ ∼ 1 GeV [1, 2] . As we all know, the relativistic framework for baryons in ChPT does not naturally provide a simple power-counting scheme as for mesons because of the baryon mass, which does not vanish in the chiral limit. Relativistic (such as infrared regularization [3] and the extended on-mass-shell scheme [4, 5] ) and heavy baryon [6, 7] approaches have been proposed and developed to solve the power-counting problem. Recently, the relativistic approaches have made some progress. For some observables, the chiral series even show a better convergence than the heavy baryon approach [8, 9] . However, the heavy baryon chiral perturbation theory (HBχPT) is still a reasonable and useful tool in the study of the mesonbaryon scattering. The expansion in HBχPT is expanded simultaneously in terms of p/Λ χ and p/M 0 , where p represents the meson momentum or its mass or the small residue momentum of baryon in the nonrelativistic limit and M 0 denotes the baryon mass in the chiral limit.
Over the years, the low-energy processes have been widely investigated in the SU(2) HBχPT. Fettes et al. have investigated pion-nucleon scattering up to the fourth order [10, 11] . The low-energy constants (LECs) of the SU(2) chiral pion-nucleon Lagrangian were determined by fitting various empirical phase shifts. The threshold parameters were also predicted in Refs. [10, 11] . Krebs, Gasparyan, and Epelbaum calculated the chiral three-nucleon force at fifth order by using the LECs from πN scattering at fourth order [12] , and Entem et al. considered peripheral nucleon-nucleon scattering at fifth or-For processes involving kaons or hyperons, the situation is more complicated. One has to use the SU (3) HBχPT in comparison to the SU(2) sector of πN scattering. These involve several new problems. First, there are more unknown LECs needed to be determined through experimental data which are insufficient at present. Second, the kaon mass m K is larger than the pion mass m π duo to broken SU(3) symmetry. In fact, the pertinent expansion parameter m K /Λ χ ∼ 1/2 results in a low convergence rate. Third, the KN and KN scattering are inelastic and elastic at low energies, respectively. These involve inconsistent predictions duo to the dynamical differences between KN and KN scattering. However, Kaiser achieved some success when analyzing the KN and KN scattering lengths in SU (3) HBχPT [14] . Then Liu and Zhu generalized this method to the predictions of meson-baryon scattering lengths [15] [16] [17] [18] . They obtained reasonable results. But higher-order corrections are needed to consider due to the complicated convergence. That leads to involving more LECs and needs more experimental meson-baryon scattering lengths which are unavailable for now. In this paper, we will determine the LECs by fitting the phase shifts of the elastic KN scattering and make predictions up to one-loop order, as the πN scattering in the framework of SU(2) HBχPT.
In Sec. II, we summarize the Lagrangians involved in the evaluation up to one-loop order contributions. In Sec. III, we present the T-matrices of the elastic KN and KN scattering. In Sec. IV we explain how we calculate the phase shifts and the scattering lengths. Section V contains the results and discussions and also includes a brief summary. Appendix A contains the amplitudes from one-loop diagrams. Apppendix B contains the threshold T-matrices and the relation between the threshold T-matrices with the s-wave scattering lengths.
II. LAGRANGIAN
Our calculation of the elastic KN and KN scattering is based on the effective SU(3) chiral Lagrangian in HBχPT
Here, the SU(3) matrix φ and B represent the pseudoscalar Goldstone fields (φ = π, K, K, η) and the octet baryons fields, respectively. The lowest-order effective SU(3) chiral Lagrangians for meson-meson and mesonbaryon interaction takes the form [19] 
where D µ denotes the covariant derivative
and S µ is the covariant spin operatorà la Pauli-Lubanski
with
where ǫ µνσρ is the completely antisymmetric tensor in four indices, ǫ 0123 = 1. The chiral connection Γ µ = [ξ † , ∂ µ ξ]/2 and the axial vector quantity u µ = i{ξ † , ∂ µ ξ} contain even number meson fields and odd number meson fields, respectively. The SU(3) matrix U = ξ 2 = exp(iφ/f ) collects the pseudoscalar Goldstone fields. The parameter f is the pseudoscalar decay constant in the chiral limit. The axial vector coupling constants D and F can be determined by fitting the semileptonic decays (D = 0.80, F = 0.50) [20] . The combination
π ) results in explicit chiral symmetry breaking. The complete heavy baryon Lagrangian at next-to-leading order can be written as
where L (2,1/M0) φB denotes 1/M 0 corrections of dimension two with fixed coefficients and stems from the 1/M 0 expansion of the original relativistic leading-order Lagrangian L (1) φB [19] . These read
where M 0 denotes the baryon mass in the chiral limit. The remaining heavy baryon Lagrangian L (2,ct) φB proportional to the low-energy constants can be obtained from the relativistic effective meson-baryon chiral Lagrangian[21]
The first three terms proportional to the LECs b D,F,0 result in explicit symmetry breaking. Notice that the LECs b i (i = D, F, 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11) have dimension mass −1 .
III. T-MATRICES
We are considering only elastic kaon-nucleon and antikaon-nucleon scattering {K(q),
in the center-of-momentum system (CMS) with q = |q| = |q ′ |. The T-matrix takes the following form:
with M N the nucleon mass,
1/2 the nucleon energy, and I the total isospin of the kaonnucleon system. Furthermore, V (I) KN,KN (q) refers to the non-spin-flip kaon-nucleon or antikaon-nucleon amplitude, and W (I) KN,KN (q) refers to the spin-flip kaon-nucleon or antikaon-nucleon amplitude. Now, we calculate the T-matrices order by order. Note that we choose v µ = (1, 0, 0, 0) for the sake of convenience throughout this paper. The leading-order O(q) amplitudes corresponding to diagrams (1a) and (1b) in Fig. 1 (including also the crossed diagram) read
where w = (m 2 K + q 2 ) 1/2 denotes the kaon CMS energy and z = cos(θ) the angular variable between q and q ′ . We also take the renormalized kaon decay constant f K instead of f (the chiral limit value).
At next-to-leading order O(q 2 ), one has the contribution from the second row diagrams of Fig. 1 
φB . Crossed diagrams are not shown.
Second, for the vertices from the L (2,ct) φB , we introduce
to make the following expressions more compact. The amplitudes read
where
The six combinations of LECs C i (i = 1, 2, 3, 4, 5, 6) are introduced in order to reduce the number of LECs. At the third order O(q 3 ), we have the one-loop diagram contributions and the counterterm contributions. The nonvanishing one-loop diagrams generated by the vertices of L (2) φφ and L (1) φB are shown in Fig. 2 . The counterterm contribution estimated from resonance exchange was found to be much smaller than the chiral loop contribution in the case of threshold πN scattering [22, 23] . Kaiser assumed that similar features hold for threshold KN andKN scattering and also achieved some success [14] . Liu and Zhu also ignored the counterterm contributions when they calculated meson-baryon scattering lengths [15] . Later, Liu and Zhu claimed that the counterterm contributions are larger than the one-loop diagrams contributions in some T-matrices in Ref. [16] . But, Liu and Zhu did not consider the Λ(1405) resonance contribution when determining the LECs and their combinations in Ref. [16] . However, we are not considering the counterterm contributions when calculating Tmatrices at O(q 3 ) in this paper. The nonvanishing oneloop amplitudes corresponding to loop diagrams are too tedious; thus, we present these amplitudes separately in Appendix A. In loop calculations, we use dimensional regularization and the minimal subtraction scheme to evaluate divergent loop integrals [24] [25] [26] [27] [28] . We use f K in all loops instead of corresponding decay constants in respective loops. The difference appears at higher order.
IV. CALCULATING PHASE SHIFTS AND SCATTERING LENGTHS
The partial wave amplitudes f
l±s (q), where l refers to the orbital angular momentum and s to the spin, are given in terms of the invariant amplitudes via
where P l (z) are conventional Legendre polynomials. For the energy range considered in this paper, the phase shifts δ
l±s (q) are evaluated from (for discussions about the phase shifts, see Refs. [10, 29] 
Based upon relativistic kinematics, there is a relation between the CMS on-shell momentum q and the momentum of the incident kaon in the laboratory system q K ,
Near threshold the scattering length for s waves and the scattering volume for p waves is given by [30] 
V. RESULTS AND DISCUSSION
Before calculating the phase shifts and the threshold parameters, we have to determine the LECs. There are 14 unknown LECs in L [31] , and for the axial vector coupling constants we use D = 0.8 and F = 0.5. We also take λ = 4πf π as the chiral symmetry breaking scale.
We first determine M 0 , b D , b F and b 0 through the formulas of the octet-baryon masses and σ πN given in Ref. [25] . We take f = f π,K,η in the π, K, η loops in these formulas, respectively. The baryon masses M N = 938.9±1.3 MeV, M Σ = 1193.4 ± 8.1 MeV, M Ξ = 1318.3 ± 6.9 MeV, and M Λ = 1115.7 ± 5.4 MeV and the pion-nucleon (πN ) σ term σ πN = 59.1 ± 3.5 [32] are used to fit these four parameters. We obtain
with χ 2 /d.o.f. ∼ 1.08. In our fitting, the new σ πN from Ref. [32] is taken; thus, we obtain different values than those in Ref. [15] . Note that the uncertainty of the ith LEC (here, refers to one of the M 0 , b D , b F and b 0 ) is purely the statistical uncertainty that is a measure of how much this particular parameter can change while maintaining a good description of the fitted data, as detailed in Refs. [33, 34] .
We now determine the six LEC combinations C 1,2,3,4,5,6 by using the phase shifts of the SP92 solution, GW Institute for Nuclear Studies, for kaon-nucleon (KN ) scattering analysis [35, 36] . Since the SP92 give no uncertainties for the phase shifts, we set a common uncertainty of ±4% to all values before the fitting procedure. For the parameters C 1,2,3 , we use the data of the S11, P11 and P13 waves between 50 and 90 MeV (15 data points in total) to fit. As to the C 4,5,6 , we fit the data of the S01, P01 and P03 waves at q K = 100, 110, 120, 130, 140 MeV. The resulting LECs are given by
with χ 2 /d.o.f. ∼ 0.91 and
49. For the uncertainties, see the above description. The corresponding S-and P-wave phase shifts are shown in Fig. 3 . For the P01 wave, the description of the phase shifts is surprisingly good even at higher and lower energies. The remaining waves are also in good agreement with the empirical phase shifts below 150 MeV and purely overestimated at large kaon momentum. However, to sum up, we obtain a good description for these six lowest partial waves in this one-loop order calculation of the KN scattering up to surprisingly large kaon momenta.
In order to check the consistency of the ChPT framework for different observables, we now determine the lowenergy constants by the scattering lengths. However, there are six LEC combinations C 1,2,3,4,5,6 , but only four scattering lengths a (0,1) KN,KN can be used. At this time, we take the threshold T-matrices to calculate the scattering lengths; see Appendix B. For comparison, we use the two scattering lengths a 
The LEC combination C 1 + C 2 determined by the phase shifts from Eq. (42) is 1.54 GeV −1 , while the C 4 + C 5 from Eq. (43) is −2.09 GeV −1 . The results are consistent with the LEC combinations determined by the scattering lengths from Eq. (44) within the limit of error.
In the following, we make predictions for the KN scattering through the above LECs determined by the KN But all the resonances considered by the KS2013 do not contribute to the phase shifts below the CM energy of 1460 MeV , because they are so far away. Thus, the predictions for the phase shifts of the partial waves in the KN scattering are reasonable. However, as we all know, there exists the Λ(1405) resonance as a quasibound KN state below the threshold energy in a S01 wave. To solve this problem, the solution is given by the nonperturbative resummation approach with a phenomenologically successful description of the scattering amplitude [42] [43] [44] [45] (for a review on this issue, see Ref. [46] ). Now let us apply the above LECs to estimate the kaonnucleon and antikaon-nucleon scattering lengths. We have two approaches to predict the scattering lengths. One is through the use of the Eq. (40) and the LECs from Eqs. (42) and (43) . As before, we do not fit data below q K = 50, 100 MeV (for C 1,2,3 , C 4,5,6 ); hence, the scattering lengths are predictions. The scattering lengths are obtained by using an incident kaon momentum q K = 10 MeV and approximating its value at the threshold. As a result, no errors are provided. We present the values of the scattering lengths as "Prediction A" in Table I . The other is through the use of the formalism in Appendix B and the LECs from Eq. (44) . We show the values of the scattering lengths as "Prediction B" in Table I . The values purely have slightly difference than Ref. [15] because different data are taken. In addition, for comparison, the various empirical values are also shown in Table I . We successfully predict the isospin-1 scattering lengths. For the isospin-0 KN scattering length, we obtain very small negative values differing from the empirical values. However, the error will cover the difference. As expected, we fail to predict the isospin-0KN scattering length that a Purely obtaining KN scattering lengths, from Ref. [36] . b From Ref. [47] .
c From models A and B (denoted KamanoA and KamanoB) of Ref. [48] d From the three different schemes of Ref. [49] , the determination of the scattering lengths included the recent precise measurement of the kaonic hydrogen by the SIDDHARTA Collaboration [50] .
is dominated by the Λ(1405) resonance. The situation is the same as the prediction for the phase shifts of thē KN scattering. From this, it would be more reliable to predict the πΣ et al. scattering, although no empirical data are available. These works will be presented in our next publication.
Finally, we discuss the convergence. This issue is ad- dressed for KN scattering in Fig. 5 . For S01, the leading order is zero. The second-order contribution is much bigger than the third order and describes well the partial wave. For S11, we find that there is sizeable cancellation between the second and the third orders. This feature has also occurred in the chiral expansion of a threshold T-matrix [14] . For P-waves, the second order is much more important than the others in all partial waves and nearly describes well the empirical phase shifts. The situation is simpler than the πN scattering [10] . According to these results, a higher-order O(q 4 ) calculation is needed.
In summary, we have calculated the T-matrices for KN and KN scattering to one-loop order in SU(3) HBχPT. We then fit the σ πN , the SP92 phase shifts of KN scattering, and the corresponding data to determine the LECs. This leads to a good description of the phase shifts below 200 MeV kaon momentum in the laboratory frame. We also discuss the LEC uncertainties through statistical regression analysis. In order to check the consistency of the ChPT framework for different observables, we determine the LECs by the scattering lengths, make a comparison with the LECs determined by the phase shifts, and obtain a consistent result. By using these LECs, we predict the KN scattering phase shifts and obtain a reasonable result. The s-wave scattering lengths are predicted with the energy-dependent solution (Prediction A) and in the case of the threshold T matrices (Prediction B). As expected, we fail to predict the isospin-0 KN scattering length which is dominated by the Λ(1405) resonance. This issue can be successfully solved by the nonperturbative resummation approach, and that is not the focus of this paper. Finally, we check the convergence of the KN scattering and find that the large cancellations occurred between the second and third orders in the S11 wave. In order to determine accurately the LECs and make better predictions, higher-order O(q 4 ) calculations are needed in SU(3) HBχPT. In addition, the prediction for the octet meson and octet baryon interaction ( such as πΣ and πΛ scattering) will be calculated in the next publication. We also expect our calculations to provide a possibility to investigate the baryon-baryon interaction in HBχPT.
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